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Tuning the electronic structures and transport coefficients of Janus PtSSe monolayer
with biaxial strain
San-Dong Guo, Xiao-Shu Guo and Ye Deng
School of Electronic Engineering, Xi’an University of Posts and Telecommunications, Xi’an 710121, China
Due to their great potential in electronics, optoelectronics and piezoelectronics, Janus transition
metal dichalcogenide (TMD) monolayers have attracted increasing research interest, the MoSSe of
which with sandwiched S-Mo-Se structure has been synthesized experimentally. In this work, the
biaxial strain dependence of electronic structures and transport properties of Janus PtSSe monolayer
is systematically investigated by using generalized gradient approximation (GGA) plus spin-orbit
coupling (SOC). Calculated results show that SOC has a detrimental effect on power factor of PtSSe
monolayer, which can be understood by considering SOC effects on energy bands near the Fermi
level. With a/a0 from 0.94 to 1.06, the energy band gap firstly increases, and then decreases, which
is due to the position change of conduction band minimum (CBM). It is found that compressive
strain can increase the strength of conduction bands convergence by changing relative position of
conduction band extrema (CBE), which can enhance n-type ZTe values. Calculated results show
that compressive strain can also induce the flat valence bands around the Γ point near the Fermi
level, which can lead to high Seebeck coefficient due to large effective masses, giving rise to better
p-type ZTe values. The calculated elastic constants with a/a0 from 0.94 to 1.06 all satisfy the
mechanical stability criteria, which proves that the PtSSe monolayer is mechanically stable in the
considered strain range. Our works further enrich studies of Janus TMD monolayers, and can
motivate farther experimental works.
PACS numbers: 72.15.Jf, 71.20.-b, 71.70.Ej, 79.10.-n Email:sandongyuwang@163.com
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I. INTRODUCTION
After the successful exfoliation of graphene1, two-
dimensional (2D) materials have attracted increasing at-
tention, and lots of 2D materials have been synthesized
experimentally or predicted theoretically, such as TMD,
group-VA, group IV-VI and group-IV monolayers2–6. It
is firstly proposed by Hicks and Dresselhaus in 19937,8
that the low-dimensional systems or nanostructures could
be potential thermoelectric materials, and the efficiency
of thermoelectric conversion can be described by the di-
mensionless figure of merit9, ZT = S2σT/(κe + κL),
where S, σ, T, κe and κL are the Seebeck coefficient,
electrical conductivity, working temperature, electronic
and lattice thermal conductivities, respectively. Many
studies of heat transport properties of 2D materials have
been reported such as TMD, orthorhombic group IV-VI
and group-VA monolayers10–15. In semiconducting TMD
monolayers, it is proved that the SOC has important ef-
fects on their electronic transport properties16. Strain
effects on heat transport properties of 2D materials have
been widely investigated. It is found that tensile strain
can improve thermoelectric properties of ZrS2 and PtSe2
by enhancing S2σ and reducing κL
17,18. The strain can
effectively tune κL for various kinds of 2D materials, and
the κL shows monotonous increase/decrease and up-and-
down behaviors19–22 with the increasing tensile strain.
Recently, Janus monolayer MoSSe has been success-
fully synthesised by fully replacing the top S layer with
Se, leading to an out-of-plane structural asymmetry23.
It is found that the piezoelectric performance of mono-
layer and multilayer Janus TMD MXY (M = Mo or
FIG. 1. (Color online) The top view (a) and side view (b) crys-
tal structure of Janus PtSSe monolayer. The Red balls rep-
resent Pt atoms, and the yellow/green balls for S/Se atoms.
W, X/Y = S, Se or Te) is higher than commonly used
2D materials24. Although the carrier mobility of mono-
layer MoSSe is relatively low, the one of bilayer or tri-
layer structures is quite high25. In monolayer Janus
WSeTe, the intrinsic out-of-plane built-in electric field in-
duces a significant Rashba spin splitting26. Janus MoSSe
monolayer may be a potential wide solar-spectrum water-
splitting photocatalyst27, and PtSSe monolayer for pho-
tocatalytic water splitting under the visible or infrared
light28. The optical properties of Janus MoSSe and
WSSe monolayers, as well as their vertical and lateral
heterostructures, have been investigated by the first-
principles calculations29. The κL of MoSSe/ZrSSe mono-
layer is predicted, which is much lower than that of the
MoS2/ZrS2 monolayer
30,31. The biaxial strain depen-
dence of the electronic structures of Janus TMD MXY
(M=Mo or W, X/Y=S, Se, or Te) monolayer has been
reported32, and the strain can effectively tune their elec-
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FIG. 2. The energy band structures of PtSSe monolayer using
GGA (Left) and GGA+SOC (Right).
TABLE I. For PtSSe monolayer, the lattice constants a0 (A˚),
the elastic constants Cij , shear modulus G
2D, Young’s mod-
ulus Y 2D in Nm−1, Poisson’s ratio ν dimensionless and the
gaps with GGA and GGA+SOC.
a0 C11/C22 C12 G
2D
3.66 77.78 22.37 27.24
Y 2D ν Gap Gap-SOC
71.25 0.29 1.48 1.33
tronic structures and transport properties.
In this work, we systematically investigate the biax-
ial strain dependence of electronic structures and trans-
port properties of Janus PtSSe monolayer by the first-
principles calculations and Boltzmann equation. It is
proved that the SOC can produce important effects on
electronic structures and transport properties of PtSSe
monolayer. The energy band gap of PtSSe monolayer
shows a nonmonotonic up-and-down behavior with a/a0
from 0.94 to 1.06. The compressive strain can tune
the position of CBM, and induce flat valence bands,
which can obviously affect S. The n-(p-)type S can be
enhanced by applying compressive strain at a/a0=0.98
(0.96) point, and then the ZTe can be improved. In con-
sidered strain range, the PtSSe monolayer is always me-
chanically stable.
The rest of the paper is organized as follows. In the
next section, the computational details will be given. In
the third section, the strain dependence of the electronic
structures and transports properties of Janus PtSSe
monolayer is shown. Finally, we shall give our discus-
sions and conclusion in the fourth section.
II. COMPUTATIONAL DETAIL
Within the density functional theory (DFT)33, a full-
potential linearized augmented-plane-waves method is
used to investigate electronic structures of PtSSe mono-
layer, as implemented in the WIEN2k package34. The
popular GGA of Perdew, Burke and Ernzerhof (GGA-
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FIG. 3. (Color online)The energy band structures of PtSSe
monolayer near the Fermi level. The energy band gap (Gap),
∆ and ∆1 at high symmetry Γ point, and D as a function of
a/a0 by using GGA+SOC.
PBE)35 is used as the exchange-correlation potential.
The internal atomic parameters of PtSSe monolayer are
optimized with a force standard of 2 mRy/a.u.. Due to
important effects on electronic structure of PtSSe mono-
layer, the SOC was included self-consistently36–39. To at-
tain reliable results, we use a 30 × 30 × 1 k-point meshes
in the first Brillouin zone (BZ) for the self-consistent cal-
culation, make harmonic expansion up to lmax = 10 in
each of the atomic spheres, and set Rmt ∗ kmax = 8. The
charge convergence threshold is set as 0.0001|e| per for-
mula unit, where e is the electron charge.
By using BoltzTrap40 code, the electronic transport
coefficients of PtSSe monolayer are performed through
solving Boltzmann transport equations within the con-
stant scattering time approximation (CSTA). To achieve
the convergence results, the input parameter LPFAC is
set to 20. To attain accurate transport coefficients, a
110 × 110 × 1 k-point meshes is used in the first BZ for
the energy band calculation. For 2D material, the calcu-
lated σ and κe depend on the length of unit cell along z
direction41, which should be normalized by multiplying
Lz/d (Lz for the length of unit cell along z direction, and
d for the thickness of 2D material). However, the d is not
well defined like graphene. In this work, the Lz=20 A˚ is
used as d.
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FIG. 4. (Color online)the energy band structures of PtSSe monolayer with a/a0 changing from 0.94 to 1.00 (Top) and 1.00 to
1.06 (Bottom) with the interval being 0.02 using GGA+SOC.
III. MAIN CALCULATED RESULTS AND
ANALYSIS
The structure of Janus PtSSe monolayer is shown in
Figure 1, and the three atomic sublayers can be observed
with Pt sandwiched between the S and Se layers, which
is similar to PtS2/PtSe2 monolayer with the 1T phase.
Compared with PtS2/PtSe2 , the Janus PtSSe monolayer
lacks the reflection symmetry with respect to the central
metal Pt atoms, and the symmetry of PtSSe (No.156) is
lower than that of the PtS2/PtSe2 monolayer (No.164).
To avoid spurious interaction between neighboring lay-
ers, the unit cell of Janus PtSSe monolayer is built with
the vacuum region of more than 18 A˚. The optimized
lattice constants of PtSSe (3.66 A˚) with GGA agree well
with previous theoretical values28,42, which is between
the ones of PtS2 (3.57 A˚) and PtSe2 (3.75 A˚)
16. Due
to hexagonal symmetry, two independent elastic con-
stants C11=C22=77.78 Nm
−1 and C12=22.37 Nm
−1 can
be calculated, and the C66=(C11-C12)/2=27.24 Nm
−1,
which are very close to previous theoretical values28. The
2D Youngs moduli Y 2D, shear modulus G2D and Pois-
son’s ratios are calculated43, and are 71.25 Nm−1, 22.37
Nm−1 and 0.29, respectively. The related data are shown
in Table I.
The SOC has important influences on electronic struc-
tures of TMD and Janus TMD monolayers, and further
influences their electronic transport coefficients16,18,32,44.
Thus, the SOC is considered for all calculations of Janus
PtSSe monolayer. The calculated energy bands for mono-
layer PtSSe with GGA and GGA+SOC are plotted in
Figure 2. The GGA results show the indirect gap of
1.48 eV with valence band maximum (VBM) along the
Γ-K direction and CBM along the Γ-M direction. It is
noted that the valence band extrema (VBE) along the
Γ-M direction is very close to VBM, and the energy dif-
ference is only 0.025 eV. When the SOC is considered, a
direct gap of 1.33 eV is observed, and the energy differ-
ence between VBE along the Γ-M direction and VBM is
0.058 eV, which is larger than one with GGA. It is found
that the GGA+SOC gap is smaller than GGA one due
to spin-orbital splitting, and the spin-orbit splitting at
the Γ point (∆ in Figure 3) is 0.28 eV. Due to both in-
version and time-reversal symmetries of PtS2/PtSe2, all
the bands are doubly degenerate, but each band splits
into two energy bands for PtSSe monolayer because of
the lack of inversion, which is very useful to allow spin
manipulation. Our calculated GGA+SOC gaps of the
PtS2 (1.73 eV) and PtSe2 (1.20 eV) monolayers
16 are
very close to the experimental values of 1.60 eV45 and
1.20 eV46. Thus, it is reasonable to use GGA+SOC to
study the electronic structures of PtSSe.
Strain is a very effective way to tune the electronic
and phonon properties of 2D materials, and strain ef-
fects on energy band structures and transport properties
of TMD and Janus TMD monolayers have been widely
investigated16,18,32,44,47,48. Here, we examine the effects
of biaxial strain on the electronic structures and elec-
tronic transport coefficients of PtSSe monolayer. The
a/a0 is defined to simulate biaxial strain, in which a and
a0 are the strained and unstrained lattice constant, re-
spectively. The a/a0<1 means compressive strain, while
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FIG. 5. (Color online) the room-temperature transport coefficients (S, σ/τ and S2σ/τ) of PtSSe monolayer as a function of
doping level (N) using GGA and GGA+SOC.
a/a0>1 implies tensile strain. The energy band gap
(Gap), spin-orbit splitting value at Γ point (∆), the dif-
ference between the Fermi level and the energy of the first
valence band at Γ point (∆1) and the difference between
the second CBE and CBM (D) as a function of a/a0 are
plotted in Figure 3, and the related energy band struc-
tures with a/a0 from 0.94 to 1.06 are shown in Figure 4.
It is clearly seen that the energy band gap firstly in-
creases, and then decreases, when a/a0 changes from 0.94
to 1.06. Similar phenomenon can also be found in many
TMD and Janus TMD monolayers16,18,32,44. With strain
from compressive one to tensile one, the ∆ has a slight
increase, then a rapid decrease. With increasing strain,
the overall trend of ∆ is consistent with one of 1T TMD
and Janus TMD monolayers, but is opposite to one of 2H
ones18,32,44. The strain can tune the positions of CBM
and VBM. The compressive one can change the posi-
tion of CBM from one point along the Γ-M direction to
another point along the Γ-K direction, which can be de-
scribed by D. With a/a0 changing from 0.94 to 1.06, the
D varies from a negative value to a positive one, which
means the change of CBM position. The compressive one
can also tune the position of VBM from one point along
the Γ-K direction to Γ point, and can reduce the numbers
of VBE from two to one. It is noted that the compressive
one can produce the very flat valence band around the
Γ point, for example one with a/a0 being 0.96. These
can be described by ∆1,and the ∆1=0 (6=0) means the
one (two) VBE. In a word, strain can tune the position
of VBM (CBM) or the numbers of VBE (CBE), and the
similar phenomenon can also be observed in TMD and
Janus TMD monolayers16,18,32,44,48.
Based on CSTA Boltzmann theory within rigid band
approach (RBA), the electronic transport coefficients are
investigated. The calculated electrical conductivity σ/τ
and electronic thermal conductivity κe/τ depend on scat-
tering time τ , while the Seebeck coefficient S is indepen-
dent of τ . To simulate the doping effects, simply mov-
ing the position of Fermi level within RBA is performed.
The n(p)-type doping is achieved with negative (positive)
doping levels by shifting the Fermi level into conduction
(valence) bands, giving the negative (positive) Seebeck
coefficient. For monolayer PtSSe, the room temperature
S, σ/τ and power factor with respect to scattering time
S2σ/τ as a function of doping level (N) are shown in Fig-
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FIG. 6. (Color online) the room-temperature transport coef-
ficients (S, σ/τ and S2σ/τ ) of PtSSe monolayer as a function
of doping level (N) using GGA+SOC, and the a/a0 changes
from 0.94 to 1.06 with the interval being 0.02.
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FIG. 7. (Color online) the room-temperature ZTe of PtSSe
monolayer as a function of doping level (N) using GGA+SOC,
and the a/a0 changes from 0.94 to 1.06 with the interval being
0.02.
ure 5, using GGA and GGA+SOC. For 2D materials, it
may be more reasonable to use electrons or holes per unit
cell instead of doping concentration, which is described
by N, and the minus (positive) values mean n (p)-type
doping. The SOC can induce a detrimental influence on
p-type S of PtSSe monolayer, and produces a slightly
reduced effect on S in n-type doping. These can be ex-
plained by considering SOC effects on the bands near the
Fermi level. The SOC can remove the band degeneracy
near the VBM or CBM, leading to reduced S. The power
factor is a comprehensive physical quantity for the elec-
trical performance of thermoelectric materials. Due to
the power factor being proportional to S and σ/τ , the
SOC has a remarkable detrimental influence on both n-
and p-type power factor of PtSSe in considered doping
range. It is noted that theses results also depend on the
strain. When including SOC, if the strength of bands
convergence is enhanced, the S would be improved, pro-
ducing enhanced power factor. It has been proved in
WX2 (X=S, Se and Te) monolayer
16.
At room temperature, the biaxial strain dependence
of S, σ/τ and S2σ/τ of PtSSe monolayer are plotted in
Figure 6 using GGA+SOC. Because the electronic struc-
tures of PtSSe monolayer are sensitively dependent on
strain, the complex strain dependence of electronic trans-
port coefficients are observed. With a/a0 being 0.98, the
largest n-type S can be attained among the considered
strain points, which can be understood by strain-driven
accidental band degeneracies, namely bands convergence.
From (d) in Figure 3 and Figure 4, the D with a/a0
being 0.98 is very close to zero, which means that the
CBE along the Γ-K direction and CBM is almost de-
generate, producing enhanced S. Among considered dop-
ing points, the largest p-type S can be observed with
a/a0 being 0.96, which is due to very flat valence bands
around Γ point near the Fermi level from Figure 4. For
metals or degenerate semiconductors, the S is can be de-
scribed by S =
8pi2K2
B
3eh2 m
∗T ( pi
3n )
2/3, in which m∗, T and
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FIG. 8. (Color online) The stress σ (inset) and elastic con-
stants Cij vs a/a0 from 0.94 to 1.06 for PtSSe monolayer.
n is the effective mass of the carrier, temperature and
carrier concentration, respectively. The flat bands can
produce very large effective mass of the carrier, and give
rise to improved S. In n-type doping, the largest S2σ/τ
can be observed at a/a0=0.98 point due to the largest
S among the considered strain points. For p-type dop-
ing, at a/a0=0.96 point, although the largest S can be
attained, the very small S2σ/τ can be observed, which is
because the flat bands lead to very small σ/τ . Among the
considered strain points, the largest p-type S2σ/τ can be
attained at a/a0=1.06 point, which is due to the largest
σ/τ .
The ZTe = S
2σT/κe can be defined as an upper limit
of ZT , which neglects the κL. At room temperature, the
ZTe of Janus PtSSe monolayer as a function of N with
a/a0 changing from 0.94 to 1.06 are plotted in Figure 7.
It is found that the trend of ZTe as a function of a/a0 is
consistent with one of S. By the Wiedemann-Franz law:
κe = LσT (L is the Lorenz number), the κe relates to σ,
and then ZTe = S
2/L can be attained. Thus, the strain-
improved S2σ/τ caused by enhanced S is beneficial to
better ZTe. For example, compressive strain can signif-
icantly enhance n-(p-)type ZTe of PtSSe monolayer at
a/a0=0.98 (0.96) point by compressive strain-improved
S. It is noted that the very high ZT values of many 2D
materials have been reported49,50, which is because the
κe are calculated by the Wiedemann-Franz law with L
being constant. In our calculations, the κe are used from
outputs of BoltzTrap, where the L depends on tempera-
ture and doping level.
Finally, to study the mechanical stability of PtSSe
monolayer with strain, the elastic constants Cij are cal-
culated as a function of a/a0, and are plotted in Figure 8.
In considered strain range, they all satisfy the Born cri-
teria of mechanical stability for 2D hexagonal crystals43:
C11 > 0 and C66 > 0. The stress at different a/a0 point is
also calculated, shown in Figure 8. In considered strain
range, the stress is relatively small from -3.7 Nm−1 to
3.6 Nm−1, which can be easily realized experimentally.
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and PtTe2 using GGA+SOC.
That means that strain-induced flat bands and strain-
improved S and ZTe can be easily observed in experi-
ment, which can stimulate further experimental works
to synthesize PtSSe monolayer, and then investigate the
strain effects on its electronic structures and transport
properties.
IV. DISCUSSIONS AND CONCLUSION
It is very important for investigating the electronic
structures of 2D materials to chose appropriate exchange
correlation potential. Although the HSE06 can accu-
rately calculate the gaps of many semiconductors, the
GGA is more reasonable to study the gaps of PtS2 and
PtSe2. The calculated gaps (PtS2 (1.73 eV) and PtSe2
(1.20 eV))16 with GGA are more close to the experi-
mental values (PtS2 (1.60 eV) and PtSe2 (1.20 eV))
45,46
than ones with HSE06 (PtS2 (2.63 eV) and PtSe2 (1.74
eV))42. Thus, in this work, the GGA is used to study
the electronic structures and transport coefficients of
Janus PtSSe monolayer. For TMD and Janus TMD
monolayers, the SOC produces a remarkable influence
on their electronic structures, and especially transport
coefficients16,32. The SOC not only can reduce the power
factor of TMD and Janus TMD monolayers, but can also
obviously improve one, which depends that the strength
of bands convergence will be strengthened or weakened
caused by SOC.
Strain can tune electronic structures, topological and
transport properties of 2D materials by changing the dis-
tance between the atoms. Strain can tune the positions
of VBM and CBM, the numbers of VBE and CBE and
the strength of bands convergence. For PtSSe mono-
layer, in n-type doing, a very small compressive strain
(a/a0=0.98) can induce the bands convergence, which
gives rise to improved S. For p-type doping, a small com-
pressive strain (a/a0=0.96) can lead to flat bands around
the Γ point, inducing the enhanced S. In fact, in un-
strained PtS2 and PtTe2, band convergence can be real-
ized, and their energy band structures using GGA+SOC
are plotted in Figure 9. For PtS2, the A, B and C points
in the valence bands have almost the same energy, pro-
ducing the valence band convergence. For PtTe2, in the
conduction bands, the energy difference between the A
and B points is very small, giving rise to conduction band
convergence.
In summary, the strain dependence of electronic struc-
tures and transport coefficients of Janus PtSSe monolayer
are systematically studied from the reliable first-principle
calculations. It is found that the SOC can produce im-
portant effects on energy band structures and electronic
transport coefficients of Janus PtSSe monolayer. Calcu-
lated results show that compressive strain can change
the positions of CBM and VBM of PtSSe monolayer,
and can induce flat valence bands around the Γ point.
These changes can lead to improved S, and give rise to
better ZTe. In the considered strain range, the PtSSe
monolayer is mechanically stable by calculated elastic
constants, which satisfy the mechanical stability crite-
ria. Our works can stimulate further experimental works
to synthesize PtSSe monolayer, and will motivate farther
studies of electronic transports of other Janus monolay-
ers.
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